Previously developed technique of charge exchange ionization in a collision cell outside the ion source, which detects ions originating from the collision gas in the cell, was used to find long-lived excited electronic states of monosubstituted benzene cations. The technique is based on the criterion that charge exchange between polyatomic species is efficient only when the energy of reaction is close to zero or negative (⌬Eр0), or the exoergicity rule. The B 2 B 2 states of chlorobenzene, bromobenzene, benzonitrile, and phenyl acetylene cations were found to have long lifetimes ͑10 microseconds or longer͒ while excited electronic states with long lifetime were not detected for fluorobenzene, iodobenzene, toluene, nitrobenzene, and styrene cations. The long-lived states found were those displaying well-resolved vibrational structures in the photoelectron spectra. In particular, these were the states generated by removal of an electron from the in-plane nonbonding p orbitals of halogens or in-plane orbitals of the triple bonds.
I. INTRODUCTION
Theory of mass spectra, or RRKM ͑Rice-RamspergerKassel-Marcus͒-QET ͑quasiequilibrium theory͒, has been successful in explaining fragmentation of polyatomic ͑four atoms or more͒ molecular ions produced by various means and mass spectra formed thereby. One of the main assumptions of RRKM-QET is that the internal energy, either electronic or vibrational, acquired at the time of molecular ion formation redistributes rapidly prior to fragmentation. 1 In particular, rapid redistribution of the former means that internal conversion from the excited electronic states to the ground state occurs efficiently for polyatomic ions such that all the dissociation reactions occur in the latter state, even though cases to the contrary are frequently observed for simpler diatomic and some triatomic ions. From the very inception of the theory, efforts have been made to find evidences against the assumption of rapid internal conversion such as the occurrence of dissociation in an excited electronic state, or isolated state, and rapid radiative decay of the electronic energy. Various mass spectrometric and spectroscopic techniques have been used for this purpose such as photoelectron-photoion coincidence spectrometry, 2-11 tandem mass spectrometry utilizing collision-induced dissociation [12] [13] [14] [15] or photodissociation, 16 -22 and emission spectroscopy. [23] [24] [25] [26] Tens of cases of isolated state dissociation have been reported, most abundant having been dissociations in repulsive electronic states. 3-10,16 -20 Rapid dissociations in such states can compete effectively against the internal conversion and the nonstatistical nature of the reactions is manifest in the experimental breakdown graph, kinetic energy release distribution, or dissociation anisotropy. Cases 2,13-15 of slow internal conversion have been reported also, CD 2 O ϩ• (Ã )→CDO ϩ ϩD • being the best known example. To measure the lifetime, both radiative and nonradiative, of an excited electronic state lying below the dissociation threshold, optical emission and laser-induced fluorescence spectroscopies have been used. [23] [24] [25] [26] When the transition from the first excited electronic state to the ground state is electric dipole allowed, absence of emission is an indication of very rapid internal conversion. Similar conclusions have often been drawn [23] [24] [25] [26] when emission is absent from an excited state whose radiative transitions to the lower states are electric dipole forbidden, such as the B 2 E 2g state of benzene cation, even though extremely slow decay of such a state is also compatible with the experimental observation. 22, 27 Recently, we observed dissociation of benzene cation after absorption of an ultraviolet photon, 22 which was not expected on the grounds of energetics. 28 Photodissociation kinetics study and charge exchange ionization study in the ion source showed that absorption of a ultraviolet photon by C 6 H 6 ϩ• in a very long-lived ͑10 microseconds or longer͒ excited electronic state, 29 presumably B 2 E 2g , was responsible for the observed photodissociation signal. In the subsequent work, a special collision cell was installed in the first fieldfree region of a double focusing mass spectrometer. 27 This was to detect ions generated from the collision gas by charge exchange with the precursor ion. It was found that the cross section for a charge exchange
at low precursor (A ϩ ) translational energy ͑р100 eV͒ was extremely sensitive to the reaction energy, ⌬E, Here IE(B) is the ionization energy of the collision gas and RE(A ϩ ) is the recombination energy of A ϩ . Namely, cross section was large when the energy of reaction was close to zero or negative (⌬Eр0) while it decreased by several orders of magnitude when the reaction was endoergic even by several tenths of an eV. Vibrational energy of the precursor did not seem to enhance the charge exchange signal, presumably because the process is purely electronic. Even though the above rule, which may be called the electronic exoergicity criterion, had been known to apply qualitatively to charge exchange between simpler systems, 30 it seemed to hold quite rigorously for polyatomic species because the excess energy of reaction could be deposited in various internal degrees of freedom. For example, recombination energy of the longlived state of C 6 H 6 ϩ• estimated with various collision gases with different ionization energies was in agreement with the previous estimation within the experimental error limit. Namely, detection of collision gas ion generated by charge exchange in a separate collision cell was established as a simple, but decisive, method to detect long-lived electronically excited ions and to estimate their electronic levels.
We have searched for other polyatomic molecular ions in long-lived excited electronic states using the same charge exchange method. Molecules displaying well-resolved vibrational structure in an excited state photoelectron peak have been chosen as candidates. For molecules displaying broad excited electronic state photoelectron peaks, rapid internal conversion of the molecular ions in the excited electronic states generated initially by electron ionization would result in molecular ions in the ground electronic state, which can be probed by the above charge exchange method. Some of such molecules were also investigated as counter examples. Results from investigation on monosubstituted benzene cations are reported in this paper.
II. EXPERIMENT
A schematic diagram of the double focusing mass spectrometer with reversed geometry ͑VG Analytical ZAB-E͒ modified for the present charge exchange study is shown in Fig. 1 . Details of the experimental method were described previously. 27 Briefly, sample was introduced to the ion source at 140°C via a glass capillary connected to a reservoir ͑septum inlet͒ and ionized by electron impact. Ions were accelerated with high voltage (V S ) of 4 kV. Reagent gas for charge exchange, or collision gas, was introduced to the collision cell ͑19 mm length, see the inset of Fig. 1͒ located between the ion source and the magnetic sector at the pressure of ϳ2ϫ10 Ϫ4 torr. The precursor ion beam was attenuated by ϳ20% under this condition, which was the upper limit of the single collision regime. 31 Collision cell was floated at high voltage (V C ) such that the precursor ion entering the cell has 50-100 eV translational energy. Ions exiting the collision cell, including those generated from the collision gas, were analyzed by scanning the magnetic sector as will be explained later. Measurement of ion kinetic energy with the electric sector was also made for the positive identification of ions originating from the collision gas.
There are two technical difficulties in the present method of finding the presence of a long-lived excited electronic state based on ⌬E of the charge exchange reaction. One is the charge exchange by fragment ions generated in the ion source which have recombination energies comparable to or larger than that of the excited state being probed. These are usually odd-electron species which are not as abundant as even-electron species. By lowering the electron energy used for ionization, say to 20 eV, interference from high recombination energy fragment ions could be avoided in this work. The second complication arises from collision gas leakage to the ion source and its ionization in the source. When this ion enters the collision cell, symmetric charge exchange occurs in the cell and hence generates collision gas ion. Possibility of such a process must be suspected when collision gas ion signal generated in the ion source is much larger ͑by 10 or more͒ than the same ion signal generated in the collision cell. As shown in the inset of Fig. 1 , we installed an additional slit between the ion source chamber and the collision cell assembly evacuated by analyzer pumping system to improve the differential pumping. Care was taken in all the measurements such that the signal due to collision gas ion generated in the ion source is less than or negligible compared to the signal of the same ion generated in the collision cell.
Both of the above complications can be eliminated by selecting the precursor ion beam with the magnetic sector and observing charge exchange occurring in the collision cell ͑second cell͒ located between the magnetic and electric sectors and floated at high voltage (V C Ј ). Then, ions originating from the collision cell would have the corresponding kinetic energy (eV C Ј ) and can be identified by the electric sector even though their exact identity cannot be determined. The second cell experiment, which is complementary to the above first cell one, was also performed in this work.
Iodobenzene and benzonitrile were purchased from TCI ͑Tokyo͒ and WAKO Pure Chemical ͑Osaka͒, respectively. 1,3-butadiene and ethane were purchased from Matheson ͑Parsippany, NJ͒. Other chemicals were purchased from Aldrich ͑Milwaukee, WI͒. All the chemicals were of the highest purity commercially available and were used without further purification.
III. RESULTS AND DISCUSSION
As was mentioned in a previous work, 27 three types ͑I, II, and III͒ of ions appear in the mass spectrum obtained by scanning the magnetic sector with charge exchange reagent gas in the collision cell floated at high voltage (V C ). These are ions generated in the ion source ͑type I͒, their collisioninduced dissociation products ͑type II͒ generated in the collision cell, and ions originating from the collision gas ͑type III͒ generated by charge exchange. Taking V S as the acceleration voltage in the ion source, the translational energies after exiting the collision cell can be expressed as follows:
In Eq. ͑4͒, m 1 and m 2 are masses of the precursor and fragment ions, respectively, in the collision-induced dissociation.
In an ordinary mass spectrum recorded by a single focusing mass spectrometer, the following relation holds for the m/z of an ion transmitted with the magnetic field (B), its radius (r), and the acceleration voltage (V):
Since the translational energies of types II and III ions differ from that of the ordinary ions ͑type I͒, they will not appear at their ordinary m/z positions in the spectrum. Measuring their effective m/z positions and analyzing with Eqs. ͑4͒-͑6͒, their correct m/z values can be obtained. Also, the fact that their positions in the spectrum move with the collision cell potential, Eqs. ͑4͒ and ͑5͒, helps positive identification of these ions. Ionization energies of collision gases used are listed in Table I . For each candidate ion, some of the collision gases in the table were chosen as needed. Recombination energies of the candidate ionic states are listed in Tables  II and III. Chlorobenzene was the first molecule chosen for investigation in this work. Its high resolution photoelectron spec- figures have been identified based on the method described previously. Movement of types II and III peaks, as evident when Figs. 2͑b͒ and 2͑c͒ are compared, has been checked also. We also varied the acceleration voltage in the ion source (V S ) and confirmed that only the type II peaks moved with V S ͓compare Eqs. ͑4͒ and ͑5͔͒. For further confirmation of type III CH 3 Cl ϩ• , magnetic field of the sector was set to transmit this ion in Fig. 2͑b͒ and the electric sector potential was scanned to measure the ion kinetic energy, Fig. 3 . Excellent agreement between this measurement and the potential applied to the cell, 3910 V, showed that this ion was generated from the collision gas indeed. Since the ionization energy of CH 3 Cl is 11.28 eV, 34 appearance of type III CH 3 Cl ϩ• and its ion-molecule reaction product, 35 CH 2 Cl ϩ , means that there is an ionic species in the precursor ion beam which has the recombination energy equal to or larger than 11.28 eV. As was mentioned earlier, some of the type III ions in this spectrum might have been generated from CH 3 Cl ϩ• in the precursor beam which was produced from CH 3 Cl leaked into the ion source. CH 3 35 Cl ϩ• and CH 3 37 Cl ϩ• in the precursor beam which did not suffer collision would appear at m/z 50 and 52, overlapped with the C 4 Fig. 2͑a͒ , which indicates that the fraction of CH 3 Cl ϩ• species in the precursor beam is negligible. The fact that the collision gas leakage into the ion source is not significant will be shown with another spectrum to be presented later. We also attempted to obtain charge exchange signal using C 2 H 6 (IEϭ11.52 eV) 38 as collision gas. No type III ions were generated whatsoever. To summarize, type III signals appear when the ionization energies of collision gases are 11.28 eV or lower while they are absent when the ionization energies are 11.52 eV or larger. Based on the exoergicity rule (⌬Eр0) established in the previous work, 27 it is concluded that the precursor beam contains C 6 H 5 Cl ϩ• in a long-lived excited electronic state with the recombination energy in the range 11.28 -11.52 eV, B 2 B 2 state with the recombination energy 11.330 eV being the best candidate.
We used the same guideline, narrow vibrational bands for an excited electronic state peak in high resolution photoelectron spectrum, to search for other long-lived excited electronic states. The B 2 B 2 and C 2 B 1 states of bromobenzene ion with the recombination energies of 10.633 and 11.188 eV, 36 respectively, were our next targets. A partial mass spectrum of bromobenzene recorded with CH 3 Br (IE ϭ10.54 eV) 38 in the collision cell is shown in Fig. 4 . Type III CH 3 Br ϩ• appears prominently in this spectrum together with its ion-molecule reaction product, CH 2 Br ϩ , indicating the presence of an ionic species in the precursor beam with recombination energy 10.54 eV or larger. Also to be noted is that type I CH 3 Br ϩ• signals expected at m/z 94 and 96, are hardly observable indicating that collision gas leak into the ion source is not significant. On the other hand, charge exchange signal was not obtained with C 2 H 5 Cl (IE ϭ10.98 eV), 38 indicating the presence of a long-lived state with the recombination energy of 10.54 -10.98 eV. Obviously, B 2 B 2 is such a state. Even though the C 2 B 1 state shows narrow vibrational bandwidth in the high resolution photoelectron spectrum, this turned out not to be long-lived in the present work. Namely, we cannot predict long lifetime of an excited electronic state solely based on the wellresolved vibrational structure in the photoelectron spectrum. This is due to rather poor resolution of the high resolution photoelectron spectrometers, ϳ8 meV ͑64 cm
Ϫ1

͒.
It is interesting to note that both of the long-lived states found, B 2 B 2 states of C 6 H 5 Cl ϩ• and C 6 H 5 Br ϩ• , have the same character, namely elimination of an electron from a molecular orbital which is essentially halogen nonbonding p orbital parallel to the benzene ring, n(Cl3p ʈ ) or n(Br4p ʈ ). 33, 36 The same state of iodobenzene ion has the recombination energy of 9.771 eV. 37 Even though the vibrational structure is resolved in the corresponding photoelectron peak, each vibrational band is noticeably broader than that of the ground state band. 37 As expected, none of the collision gas underwent charge exchange with C 6 H 5 I ϩ• except (CH 3 ) 2 CHNH 2 which has ionization energy ͑8.72 eV͒ 34 smaller than the recombination energy of the ground state C 6 H 5 I ϩ• ͑8.754 eV͒. 37 In the case of fluorobenzene, n(F2p ʈ ) is mixed with a orbital of the benzene ring resulting in two photoelectron peaks with partial n(F2 p ʈ ) character at 13.89 and ϳ16.7 eV, Table III. Even though vibrational splitting is indicated for the former, each vibrational band is rather broad. 39 Failure to observe charge exchange signals from CH 3 Cl (IEϭ11.28 eV), 34 Xe (IEϭ12.12 eV), 38 and CHF 3 (IEϭ13.86 eV) 38 is in agreement with the above photoelec- tron spectral feature. A strong charge exchange signal was observed, of course, with 1,3-butadiene which has ionization energy ͑9.07 eV͒ 38 smaller than the recombination energy of C 6 H 5 F ϩ• in the ground state, 9.20 eV.
39
Benzonitrile and phenyl acetylene are similar to halobenzenes in the sense that the cylindrical symmetry of the electron system of the triple bonds are broken due to the presence of the benzene ring, resulting in two distinct photoelectron peaks. Here again, the states corresponding to elimination of an electron from the in-plane orbitals of the triple bonds, (CwN ʈ ) and (CwC ʈ ), seem to show narrower vibrational bands than those from the out-of-plane orbitals, (CwN Ќ ) and (CwC Ќ ). 39, 40 Recombination energies of the (CwN ʈ ) Ϫ1 B 2 B 2 and (CwN Ќ ) Ϫ1 C 2 B 1 states of benzonitrile cation are 11.84 and 12.09 eV, respectively. 39 Then, the charge exchange results in Table I that collision gases with IEр11.52 eV were ionized while O 2 (IEϭ12.07 eV) 38 were not, show that the B 2 B 2 state is long lived as indicated by the photoelectron spectral feature. A partial mass spectrum of benzonitrile recorded with CH 3 Cl in the collision cell is shown in Fig. 5 . For phenyl acetylene, the corresponding recombination energies are 10.36 and 11.03 eV. 40 In this case, a long-lived state was located at the recombination energy of 10.07-10.54 eV through the presence and absence of charge exchange peaks from CS 2 (IE ϭ10.07 eV) 38 and CH 3 Br (IEϭ10.54 eV), 38 respectively ͑spectrum not shown͒. Here again, (CwC ʈ ) Ϫ1 B 2 B 2 state is the best candidate for the long-lived state.
As counter examples, we investigated charge exchange by molecular ions of toluene, nitrobenzene, and styrene. Photoelectron spectra of these molecules do not show excited state peaks with well-resolved vibrational structure. We will not show mass spectra of these molecules because the experimental results were simple and predictable. Namely, charge exchange signals were observed only when the ionization energy of a collision gas was smaller than the recombination energy of the ground state ion, or the first ionization energy of the corresponding neutral.
We also performed second collision cell experiments with various gases introduced into the cell. Molecular ions generated in the source were accelerated to 4 keV, massselected by the magnetic sector, and decelerated to 50-100 eV by floating the cell at 3900-3950 V. Figure 6 shows the ionic kinetic energy spectra obtained by introducing bromobenzene and toluene molecular ions to the cell filled with CH 3 Br and by scanning the electric sector potential. Arrows in the spectra indicate the kinetic energy corresponding to the cell potential, or ions originating from the collision cell. A prominent peak appeared at this position and moved with the cell potential when bromobenzene ion was introduced into the cell ͓Figs. 6͑a͒ and 6͑b͔͒ while such a peak was absent when toluene ion was introduced ͓Fig. 6͑c͔͒. These are in agreement with the first cell results that CH 3 Br is ionized by bromobenzene ion in a long-lived state but not by toluene ion. The time between bromobenzene ion formation in the ion source and its arrival at the second cell is ϳ40 s. Then, the above observation means that some of the bromobenzene ions in the B 2 B 2 state have survived as long as 40 s. We also performed similar experiments for other ions. Since the results were the same as those of the first cell experiments, no further spectra will be presented.
For an excited electronic state to have a very long lifetime ͑10 microseconds or longer͒, neither radiative decay nor nonradiative decay should be efficient. Even though efficiency of the latter is not easy to investigate, that of the former can be estimated through the symmetry selection rule and calculation of the oscillator strength. states require that the oscillator strengths of the latter transitions be very small even though they are symmetry allowed. In this regard, the oscillator strengths were calculated with the GAUSSIAN 98 package. 41 Geometries of the molecular cations in the ground electronic states were optimized at the UB3LYP/6-31G** level and oscillator strengths were obtained through the time-dependent density functional theory ͑TDDFT͒ calculation. The oscillator strengths for the B 2 B 2 →Ã 2 A 2 transitions thus obtained are listed in Table II . These are 10
Ϫ6 or smaller in all four cases, as required. Similar calculation was done for iodobenzene cation using the LanL2DZ basis set for the iodine atom, which also showed negligible oscillator strength for the B 2 B 2 →Ã 2 A 2 transition. Then, the broad vibrational bandwidth for the B peak in the photoelectron spectrum of iodobenzene and our finding that the B state of iodobenzene cation is not very long-lived must be due to rapid internal conversion. We do not have explanation at the moment why the internal conversion from the B 2 B 2 states is slow for the former four cases while it is fast for iodobenzene cation. We also calculated the oscillator strengths for the transitions from the C 2 B 1 states. Transitions with significant strengths were found for all five cases, especially C 2 B 1 →X 2 B 1 . Namely, consideration of the radiative decay does not allow long lifetime for the C states. This does not mean that the C 2 B 1 →X 2 B 1 radiative transitions can be observed for these cations because internal conversion from the C states may be even faster. Similar calculations were done for the radiative transitions from the excited states of fluorobenzene cation with the fluorine nonbonding 2p character. Both of these states showed radiative decay channels with significant strength, Table III . Then, absence of any emission from the fluorobenzene cation generated by electron impact as reported previously 24, 25 means that nonradiative decay of these states is even faster.
We also calculated the lowest energy doublet and quartet states with an electron in the lowest unoccupied molecular orbital ͑LUMO͒ of chlorobenzene, bromobenzene, iodobenzene, benzonitrile, and phenyl acetylene cations at the TDDFT/UB3LYP level. This was to check the possibility that proximity of these states to the 
IV. SUMMARY AND CONCLUSIONS
Searching for isolated electronic states of polyatomic ions has been one of the active research areas in the fields of ion chemistry and mass spectrometry. Most of such states found so far were repulsive states in which dissociation could occur rapidly prior to internal conversion. For radiative bound states, spectroscopic techniques have been used to measure the efficiency of their internal conversion to the ground electronic states. The most difficult to study are the nonradiative bound states lying below the dissociation thresholds. Absence of emission from such a state has been usually interpreted as due to rapid internal conversion even though very long lifetime ͑10 microseconds or longer͒ can be an alternative explanation as suggested for the B 2 E 2g state of benzene cation in our previous study. 22, 27 Measurement of vibrational bandwidth in photoelectron spectra is not helpful to judge whether the lifetime of the concerned state is very long ͑10 microseconds or longer͒ or very short ͑picoseconds or shorter͒ due to rather poor resolution of the method.
In this work, we have used the charge exchange method to judge whether some excited states of monosubstituted benzene cations chosen based on narrow vibrational bandwidths in the photoelectron spectra have long lifetimes. The method has been found simple and decisive, even though time consuming, in the sense that the long-lived states were located nearly exactly at the recombination energies expected from the photoelectron spectra. Present results are further confirmation on the validity of the exoergicity rule established previously that charge exchange between polyatomic species is efficient when ⌬Eр0, and not otherwise.
Among the monosubstituted benzene cations investigated, C 6 have been found to possess long-lived excited electronic states, all of which are the B 2 B 2 states and show wellresolved vibrational structures in the photoelectron spectra. It is interesting to note that these states arise from removal of one electron from in-plane halogen nonbonding p orbitals or in-plane orbitals of triple bonds. It is known that these in-plane orbitals have almost pure halogen p or triple bond character while the corresponding out-of-plane orbitals possess some benzene character. 33, 36, 39, 40 We do not know at the moment whether or how these orbital characters are related to the efficiency of internal conversion. Regardless, the above correlation suggests possible presence of long-lived excited states for unsaturated aliphatic molecular ions with substituents such as halogen and nitrile, which is under investigation in this laboratory.
